Treesukosol Y, Blonde GD, Spector AC. T1R2 and T1R3 subunits are individually unnecessary for normal affective licking responses to polycose: implications for saccharide taste receptors in mice. Am J Physiol Regul Integr Comp Physiol 296: R855-R865, 2009. First published January 21, 2009 doi:10.1152/ajpregu.90869.2008.-The T1R2 and T1R3 proteins are expressed in taste receptor cells and form a heterodimer binding with compounds described as sweet by humans. We examined whether Polycose taste might be mediated through this heterodimer by testing T1R2 knockout (KO) and T1R3 KO mice and their wild-type (WT) littermate controls in a series of brief-access taste tests (25-min sessions with 5-s trials). Sucrose, Na-saccharin, and Polycose were each tested for three consecutive sessions with order of presentation varied among subgroups in a Latin-Square manner. Both KO groups displayed blunted licking responses and initiated significantly fewer trials of sucrose and Na-saccharin across a range of concentrations. KO mice tested after Polycose exposure demonstrated some degree of concentration-dependent licking of sucrose, likely attributable to learning related to prior postingestive experience. These results are consistent with prior findings in the literature, implicating the T1R2ϩ3 heterodimer as the principal taste receptor for sweet-tasting ligands, and also provide support for the potential of postingestive experience to influence responding in the KO mice. In contrast, T1R2 KO and T1R3 KO mice displayed concentration-dependent licking responses to Polycose that tracked those of their WT controls and in some cases licked midrange concentrations more; the number of Polycose trials initiated overall did not differ between KO and WT mice. Thus, the T1R2 and T1R3 proteins are individually unnecessary for normal concentration-dependent licking of Polycose to be expressed in a brief-access test. Whether at least one of these T1R protein subunits is necessary for normal Polycose responsiveness remains untested. Alternatively, there may be a novel taste receptor(s) that mediates polysaccharide taste.
THE PRIMARY TASTE RECEPTOR that mediates the transduction of compounds that humans report as "sweet" and rodents treat as sucrose-like and rewarding in a variety of behavioral tests has been identified. This receptor is composed of two protein subunits, T1R2 and T1R3, encoded by the Tas1r2 and Tas1r3 genes, that combine to form a heterodimer that binds with sweet tasting ligands (2, 14, 20, 22, 25-27, 29, 30, 38, 53) . Although it is widely accepted that the T1R2ϩ3 heterodimer is critical for normal taste responsiveness to sugars and artificial sweeteners to be maintained, there has been some question about whether there are other taste receptors that can also bind with saccharides (see Refs. 1 and 44). Genetically engineered mice missing one of the two subunits, either T1R2 or T1R3, appear to be ageusic to artificial sweeteners, such as saccharin as measured electrophysiologically and behaviorally (54) . Thus, if there are additional receptors, they are not sufficient to maintain any observable taste responsiveness to these ligands, at least in mice. However, T1R2 knockout (KO) and T1R3 KO mice do display some very weak concentration-dependent responses to sugars, such as sucrose, glucose, and maltose, as measured in brief-access taste tests and electrophysiologically (4, 54) . The maintained responsiveness to sugars at high concentrations in T1R3 KO mice is even more evident in two-bottle intake tests (4) , but such procedures can be influenced by postingestive factors supporting the development of learned preferences (e.g.. 43, 45) . In this same study, electrophysiological recordings from the chorda tympani nerve of T1R3 KO mice showed abolished responses to artificial sweeteners and moderately diminished responses to sugars. Interestingly, there was no significant difference in the CT responses of T1R3 KO mice and WT mice to application of 0.5 M glucose to the tongue. Also, Delay et al. (5) has shown that T1R3 KO mice display normal sucrose detection thresholds as measured in a shock avoidance task. Although mice lacking one of the two subunits of the T1R2ϩ3 receptor can display some degree of responsiveness to certain sugars, double KO mice that have both the Tas1r2 and the Tas1r3 gene deleted are entirely unresponsive to all sweet-tasting ligands that have been tested, whether natural or synthetic, as measured behaviorally or electrophysiologically (54) .
On balance, the evidence is clear that the T1R2ϩ3 heterodimer is the primary receptor for prototypical sweet-tasting compounds. However, on the basis of findings from behavioral and electrophysiological studies, it has been suggested that rodents may possess an additional type of receptor that binds with longer-chain polysaccharides (40, 44) . Polysaccharides are glucose polymers of various chain lengths. Of the polysaccharides, Polycose has been the most studied in taste experiments and contains a small amount of glucose and maltose but primarily consists of glucose polymers of three or more glucose units with an average of ϳ5 (19) . In taste aversion generalization studies, rats, mice, and gerbils conditioned to avoid sucrose also avoid fructose, glucose, and maltose (8, 17, 31, 33, 34, 39) . However, rats trained to avoid Polycose or sucrose show no or very weak cross-generalization (33, 36, 39) , suggesting these two carbohydrate solutions have different taste qualities. Hamsters conditioned to avoid Polycose, sucrose, or a mixture of the two compounds display some degree of cross-generalization, but Polycose and sucrose, nonetheless, appear to have characteristics that make the compounds distinct from one another (11) . Thus, it appears that Polycose generates a taste sensation in rodents that is discriminable from the prototypical sweetener, sucrose.
Interestingly, rodents appear to treat the taste quality of maltose (a disaccharide with two glucose moieties) somewhat falling between that of sucrose (a disaccharide with a fructose and a glucose moiety) and Polycose. Rats conditioned to avoid sucrose also display some avoidance of maltose (39) , but it has also been shown by conditioned taste aversion generalization (49) or operant taste discrimination procedures in rats (50) and mice (7) that the taste quality of maltose and sucrose are distinguishable to some extent. Indeed, rats conditioned to avoid maltose also display some degree of avoidance of Polycose and vice-versa (33) .
In rats, bilateral transections of peripheral taste nerves have also been shown to produce differential effects on Polycose and sucrose intake. For example, bilateral transection of the glossopharyngeal nerve has been shown to decrease intake of Polycose without affecting sucrose consumption (52) . In the rat, chorda tympani nerve responses to sweeteners and Polycose are differentially affected by various "sweet-taste" inhibitors and enhancers (39) . In gerbils, chorda tympani responses to sucrose have been shown to be inhibited by oral treatment of CuCl 2 , but Polycose responses are not affected (48) . Collectively, these findings show that peripheral nerve responses to Polycose and sweeteners differ, suggesting that these stimuli may not bind with an identical set of taste receptors.
The findings in the peripheral gustatory system are supported by observations made centrally. In the rat, the response of single neurons in the rostral nucleus of solitary tract, which is the first central relay in the ascending gustatory system, to Polycose, were poorly correlated with that of sucrose and other prototypical basic taste representatives (12, 28) . Recording from single neurons in the gustatory zone of the parabrachial nucleus of the rat, Nishijo and Norgren (32) found that responses to sucrose correlated more strongly with those to fructose, maltose, and glycine than with those to Polycose. These findings suggest Polycose and standard sweeteners do not elicit identical neural responses in taste-responsive cell populations in the brain stem.
As noted above, sweet taste is thought to be mediated through the T1R2ϩ3 heterodimer. Whether Polycose taste perception is also mediated through this heterodimer taste receptor has yet to be explicitly investigated. If, as the behavioral and electrophysiological data suggest, sweeteners and Polycose generate distinct taste sensations, then it would follow that the T1R2ϩ3 heterodimer that binds with sweet-tasting ligands may not play an exclusive role, if any, in taste responsiveness to Polycose. Hints of this possibility are already present in the literature in a study examining 129.B6-Tas1r3 congenic mice that have the C57BL/6 "sweet-sensitive" allele of the Tas1r3 taste receptor gene upon a genetic background of 129 mice, which normally have the "sweet-subsensitive" allele. It was shown that taste responses to Polycose measured behaviorally in a 48-h two-bottle preference test and electrophysiologically from the chorda tympani nerve of the 129.B6-Tas1r3 con- In the present study, T1R2 KO and T1R3 KO mice and their wild-type (WT) littermate controls were tested in a brief-access taste test. The test compounds chosen were Polycose (glucose polysaccharide), sucrose (glucose-fructose disaccharide), and Na-saccharin (an artificial sweetener). On the basis of previous findings in the literature, responses to sucrose and saccharin should be severely blunted or eliminated in T1R2 KO or T1R3 KO mice. If Polycose taste is mediated through the heterodimer formed by T1R2 and T1R3 subunits, it would be expected that responsiveness to Polycose would also be reduced in T1R2 KO and T1R3 KO mice.
MATERIAL AND METHODS
Subjects. Male and female breeding pairs of mice that were respectively homozygous null for Tas1r2 or Tas1r3 (derived initially from 129X1/SvJ and backcrossed with C57BL/6 mice for at least three generations) were provided by Dr. Charles Zuker (University of California, San Diego). Wild-type C57BL/6J (B6) mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Homozygous null mice and wild-type mice were bred to obtain progeny that were heterozygous for Tas1r2 or Tas1r3. Mice heterozygous (Ϫ/ϩ) for Tas1r2 or Tas1r3 were then mated resulting in heterozygous (Ϫ/ϩ), homozygous null (-/-) and wild-type (ϩ/ϩ) mice. Homozygous null and wild-type same-sex littermate controls served as subjects in the behavioral tests.
The mice were housed in polycarbonate shoebox cages in a room with automatically controlled temperature, humidity, and a 12:12-h light-dark lighting cycle. Except where noted during behavioral testing, mice were provided ad libitum chow (Purina Laboratory Chow 5001, St. Louis, MO) and deionized reverse-osmosis water.
From at least 7 wk of age, the mice that served as behavioral test subjects were singly housed with ad libitum food and water for at least 2 days before behavioral testing began. During the 4 days of water training (Monday to Thursday), the mice were put on a restricted water-access schedule for which water was available only during the daily testing sessions. Water bottles were removed on Sunday, no more than 23 h before testing. Mice that fell below 85% of their free-drinking weight during the water-restriction schedule received 1 ml supplemental water 1 h after the end of the testing session. Water bottles were returned to their home cages after the last session on Thursday. All procedures were approved by the Florida State University Animal Care and Use Committee.
Taste stimuli. All solutions were prepared daily with deionized reverse-osmosis water and presented at room temperature. Test stimuli consisted of six concentrations of Polycose (0.01, 0.02, 0.08, 0.16, 0.24, 0.32 M; calculated using the nominal average molecular weight of 1,000; Ross Laboratories, Columbus, OH), six concentrations of sucrose (0.03, 0.06, 0.1, 0.3, 0.6, 1.0 M; BDH Chemicals, West Chester, PA) and six concentrations of Na-saccharin (0.1, 0.5, 1.0, 5.0, 10.0, 50.0 mM; Sigma Chemical, St. Louis, MO). These concentrations span the dynamic range for mice, and concentrations within this range have been used in previous studies (e.g.. 6, 16).
Procedure. Testing took place in a lickometer (Davis MS-160, DiLog Instruments, Tallahassee, FL), as described previously elsewhere (e.g., 13, 47) . A mouse is placed in the test chamber of the apparatus. A motorized shutter opens presenting the mouse access to a single sipper tube containing a taste stimulus, recessed by ϳ5 mm behind a slot. A small fan, positioned above the sample slot directs a current of air past the drinking spout to minimize potential olfactory cues from the stimulus. The mouse initiates a trial by licking the spout. Each trial is 5 s, followed by a 7.5-s intertrial interval during which time the tube is changed via a motorized block for the next trial. Concentration is presented in randomized order (without replacement) in blocks of trials. The mice are able to initiate as many trials as possible during the daily 25-min sessions.
Water training. Mice were placed on a 23-h restricted water-access schedule during the 4 days of water training. On days 1 and 2, the mice were presented with a single stationary tube of water and trained to lick in the apparatus. The session began when the mouse licked the spout and lasted 25 min. On days 3 and 4, seven sipper tubes of water were prepared and presented one at a time in 5-s trials over a 25-min session.
Stimulus testing. Each taste stimulus was tested for three daily sessions on Mondays, Wednesdays, and Fridays. Exposure to oral and postoral factors of sucrose and Polycose has been shown to increase saccharide preference in mice (41, 46) . Thus, we assigned mice to one of three groups designed to account for potential carryover effects due to experience with the prior test stimuli. Each group was presented Fig. 3 . Means Ϯ SE, licks (adjusted for water licks) to Polycose (top row), sucrose (middle row), and Na-saccharin (bottom row) for individual T1R3 KO mice. Responses to stimuli presented during the first week of testing (left column), second week (middle column) and third week (right column). Mean for each taste stimulus and week shown by bold plot.
Polycose, saccharin, and sucrose in different orders as outlined in Table 1 .
Mice were maintained on a partial food and water restriction schedule by presenting them with 1 g of chow and 2 ml of water ϳ23 h before testing (see Ref. 13) . The order of testing of different genotypes was balanced as much as possible throughout the day. Recovery days during which food and water were available ad libitum were interjected between testing days.
Data analysis. The mean number of licks at each concentration per trial was collapsed across the three test sessions. For each mouse, the mean number of licks to water was subtracted from the mean number of licks at each concentration, yielding a Licks to Tastant-Licks to Water value. This measure has also been successfully used in previous studies (18, 51) to produce concentrationresponse curves that are relative to a water baseline. The lick response (adjusted for water) for each concentration of a stimulus was compared using ANOVAs. The statistical rejection criterion of 0.05 was used for all analyses.
Curves were fit to mean data for each group by using the following logistic function
where x is log10 stimulus concentration, a is asymptotic lick response adjusted for water, b is the slope, and c is the log 10 concentration at the inflection point. Lick data for a particular stimulus from an individual mouse were included for analysis only if the mouse initiated at least 2 trials at each concentration. However, data from each mouse were used to analyze the number of trials initiated to each of the three stimuli.
Genotyping. Tail samples were obtained from mice to determine genotype by PCR. DNA was extracted, and PCR was performed in a final reaction mixture volume of 12.5 l, including 1 l of the isolated DNA.
The primers used for T1R3 were 5Ј-CCC CAC ACA CCC ATC TAT TGT TAG-3Ј and 5Ј-GAC TTG AAT GCT TCT GCC CCC TAG-3Ј. PCR conditions were as follows: a preheating step for 30 s at 95°C followed by 40 cycles of 20 s at 94°C, 1 min at 65°C, and 3 min at 72°C and an autoextension step of 2 min at 72°C. For T1R2, the primers used were 5Ј-TTG GAG GAG GGG GCA GTG GGA GTG-3Ј and 5Ј-ATA ATC CTC TCC TGC CAC CCT AAC-3Ј and 5Ј-CTG CCC CAA AGG CCT ACC CGC TTC-3Ј. PCR conditions were as follows: a preheating step for 30 s at 95°C followed by 34 cycles of 15 s at 95°C, 15 s at 68°C, and 30 s at 72°C and an autoextension step of 30 s at 72°C.
The PCR products were separated using electrophoresis on a 1% agarose gel.
RESULTS

Polycose.
No mice from the T1R2 WT or KO groups, 1 mouse from the T1R3 WT group, and 4 mice from the T1R3 KO group were discarded from the Polycose licking analysis due to an insufficient number of initiated trials.
Remarkably, both genotypes of KO mice had Polycose concentration-response functions that tracked those of their respective WT littermate controls ( Table 2 ; Fig. 1 ). In the statistical comparison of licking responses between each KO group and their WT controls, there was a significant genotype ϫ concentration interaction (Table 2 ), but it is clear from the curves that this difference was relatively small and due largely to the KO animals actually licking more vigorously to some midrange concentrations. Bonferroni-corrected post hoc t-tests conducted for each Polycose concentration revealed that T1R3 KO mice licked 0.08 M Polycose more than their WT controls [t(39) ϭ 3.15, Bonferroni-corrected P ϭ 0.019]. The T1R3 KO mice also had a tendency to lick 0.16 M Polycose more than WT mice [t(39) ϭ 2.06, uncorrected P ϭ 0.046], but this difference failed to survive the Bonferroni correction (P ϭ 0.274). Interestingly, despite the significant interaction, there were no significant differences between the T1R2 KO and WT mice at any Polycose concentration tested regardless of whether a Bonferroni correction was used or not.
To determine whether there were stimulus test order effects, we analyzed the concentration-response data as a function of week (1, 2, or 3) , during which Polycose was tested. For both genotypes of KO and WT mice, licking responses to Polycose increased in a concentration-dependent manner regardless of the week during which Polycose was presented (Figs. 2-5) . A repeated-measures one-way ANOVA to test for the effect of concentration was significant for each KO (Table 3 ) and WT group (Table 4 ) during each week of presentation.
There were no significant differences between the T1R2 KO and T1R2 WT mice [F(1,40) ϭ 0.006, P ϭ 0.940] or between the T1R3 KO and T1R3 WT mice [F(1,44) ϭ 0.003, P ϭ 0.960] in the number of trials initiated to Polycose. Analysis of the number of trials that KO mice initiated to Polycose by week of presentation was also conducted. Regardless of which week Polycose was presented, there were no significant differences among T1R2 KO mice in the number of trials initiated [F(2,18) ϭ 0.381, P ϭ 0.688]. There was, however, a significant difference in the number of Polycose trials initiated by T1R3 KO as a function of the week of testing [F(2,20) ϭ 3.753, P ϭ 0.041]. It is evident in Fig. 4 that this was primarily due to a greater number of trials initiated in the group that was tested with Polycose in week 1 (Fig. 6) .
Sucrose. On the basis of a low number of initiated trials, four mice from the T1R2 KO group, 1 mouse from the T1R2 WT group, 12 mice from the T1R3 KO group, and 1 mouse from the T1R3 WT group were not included in the sucrose licking analysis. As expected, both T1R2 KO and T1R3 KO mice displayed severely blunted responses to sucrose relative to their WT littermate controls ( Table 2 , Fig. 7 ). There was, however, a significant genotype ϫ concentration interaction when each KO group was compared with their respective WT group. A repeated-measures one-way ANOVA to test for simple effects of concentration was significant for T1R2 KO mice (P Ͻ 0.001) and T1R3 KO mice (P ϭ 0.007). This indicates that both KO genotypes displayed some increased responsiveness at higher concentrations of sucrose, albeit severely attenuated.
For WT mice, licking responses to sucrose increased in a concentration-dependent manner regardless of the week during which sucrose was presented (Figs. 4 and 5) . A repeatedmeasures one-way ANOVA to test for the effect of concentration was significant for WT group (Table 4 ) during each week of presentation. Further analyses of T1R2 KO and T1R3 KO licking responses to sucrose was conducted by repeatedmeasures one-way ANOVAs to test for effects of concentration during each week (Figs. 2 and 3) . Analysis of licking responses of T1R3 KO mice presented sucrose during weeks 1 and 2 were not conducted due to the low sample size. Statistical analysis revealed the effect of concentration was significant for each KO group when sucrose was presented during week 3 (Table 3 ). With the exception of two subjects, mice from both KO genotypes displayed virtually flat concentration-response functions if sucrose were tested during week 1 or 2. In contrast, when sucrose was tested during week 3 after prior experience with Polycose testing, the KO mice displayed some degree of increased responsiveness as a function of concentration.
As shown in Fig. 6 Saccharin. On the basis of the low number of initiated trials, two mice from the T1R2 KO group, 1 mouse from the T1R2 Fig. 8 ; T1R2 KO and T1R3 KO mice displayed virtually no responsiveness to saccharin compared with the concentration-dependent licking observed in WT mice ( Table 2) .
Regardless of the week of Na-saccharin presentation for both KO genotypes, repeated-measures one-way ANOVAs revealed no significant effect of concentration (Table 3) . This indicates that irrespective of presentation order, T1R2 KO and T1R3 KO mice show no concentration-dependent responsiveness to saccharin. For WT mice, repeated-measures, one-way Fig. 7 . Means Ϯ SE, licks to sucrose adjusted for licks to water for T1R2 WT (top, F) and T1R2 KO (top, E), T1R3 WT (bottom, F), and T1R3 KO (bottom, E). Fig. 8 . Means Ϯ SE, licks to Na-saccharin adjusted for licks to water for T1R2 WT (top, F), T1R2 KO (top, E), T1R3 WT (bottom, F), and T1R3 KO (bottom, E). A curve could not be fit to the data for T1R2 KO and T1R3 KO mice. Fig. 6 . Means Ϯ SE, total number of trials initiated by T1R2 WT, T1R2 KO (top), T1R3 WT and T1R3 KO (bottom) mice during Polycose, saccharin, and sucrose sessions for mice presented the taste stimulus during week 1 (1), week 2 (2), week 3 (3), and the overall mean (x ).
ANOVAs revealed a significant effect of concentration during each week of presentation (Table 4) .
As shown in Fig. 6 , T1R2 KO mice initiated significantly fewer trials to Na-saccharin than did T1R2 WT mice [F(1,40) ϭ 30.312, P Ͻ 0. 001]. Similarly, T1R3 KO mice initiated significantly fewer trials to Na-saccharin than T1R3 WT mice [F(1,44) ϭ 32.457, P Ͻ 0. 001]. Statistical analysis revealed a difference in the number of trials initiated as a function of the week Na-saccharin was presented to T1R2 KO [F(2,18) ϭ 4.738, P ϭ 0.022] and T1R3 KO [F(2,20) ϭ 6.338, P ϭ 0.007] mice. As is evident from Fig.  6 , both KO genotypes that were presented Na-saccharin during week 1 initiated fewer trials that KO mice presented Na-saccharin during weeks 2 or 3.
Analysis by sex. A two-way ANOVA (sex ϫ concentration) of licking responses for each genotype group and compound were conducted and revealed a main effect of sex for sucrose (P ϭ 0.025) and saccharin (P ϭ 0.009) for T1R2 WT mice with males displaying increased licking. It is clear from Fig. 9 that these differences were relatively small. For all other groups, there was no main effect of sex. No groups showed a sex ϫ concentration interaction effect.
DISCUSSION
The findings of this study demonstrate that, individually, the T1R2 and T1R3 proteins are unnecessary for mice to express normal affective taste responses to Polycose as measured in a brief-access test. Both T1R2 KO and T1R3 KO mice displayed concentration-dependent increases in licking to varying concentrations of Polycose in a manner similar to their WT littermate controls. If anything, the KO mice actually licked midrange concentrations more than their WT controls. There were also no genotype differences in the overall number of trials initiated to Polycose. Whether at least one of these T1R subunits is necessary for normal responsiveness to Polycose remains unclear. Alternatively, as suggested in the literature, there may be a novel taste receptor(s) that mediates polysaccharide taste (16, 40, 44) .
As expected, both T1R2 KO and T1R3 KO mice displayed severely blunted responses to and initiated significantly fewer trials of saccharin and sucrose. Because the brief-access test is dependent on the hedonic component of the stimulus to drive a behavioral response, the blunted responses in the KO mice suggest the affective value of saccharin and sucrose is markedly reduced or eliminated. These results are consistent with prior findings in the literature implicating the T1R2ϩ3 heterodimer as the principal taste receptor for ligands described by humans as sweet (2, 14, 20, 22, 25-27, 29, 30, 38, 53) .
Both T1R2 KO and T1R3 KO mice that were tested with sucrose after experience with Polycose, a caloric compound, initiated significantly more trials and displayed increased licking at the higher sucrose concentrations compared with KO mice that had no previous caloric compound exposure. Others using various KO models have shown that, although initially reduced, behavioral responsiveness to saccharides can be partially restored by prolonged testing (42, 54) . The effect of prior testing experience seen in this and other studies can possibly be explained by learned associations between some oral sensory cue and the positive postingestive consequences of caloric intake. A number of studies in rats (e.g., 10, 43) and mice (45) have shown that a strong preference can be conditioned by pairing a flavored nonnutritive solution with an intragastric infusion of a caloric sugar.
It is true that because the brief-access test involves the presentation of trials of varying concentrations across a single session, associations of particular concentrations with postingestive events are minimized. Nevertheless, this procedure does not preclude an animal from associating the overall taste or other orosensory aspects of the stimulus with the overall postoral consequences of ingestion throughout the session. With this in mind, we designed our experiment with a LatinSquare order of stimulus presentation such that each stimulus was presented in the first, second, or third week of testing in different subgroups. Indeed, because of this, we were able to see the expression of the effect of prior testing experience. It was interesting that, with a couple exceptions, the KO animals that were tested with sucrose before Polycose exposure displayed no evidence of any orderly concentration-dependent licking. This is likely because the animals did not initiate a sufficient number of trials for orosensory-postingestive associations to be formed. What are the potential oral sensory cues that could be serving as the conditioned stimuli if postingestive learning is indeed occurring in the KO animals? Whatever the relevant signals are, they must be shared by Polycose and sucrose, but not with saccharin. KO mice that were tested with saccharin after Polycose exposure did not show any tendency to increase their licking in a concentration-dependent manner. Possible cues that Polycose might share with sucrose but not saccharin, especially at the higher concentrations, include viscosity and smell (see Ref. 37) . In addition, the fact that saccharin, at higher concentrations, has an aversive quinine-like taste quality to rodents (34) and a bitter taste quality to humans (3, 15) , presumably caused by its ability to bind with a T2R (21, 35) , may have also influenced responding. One way to address this issue would be to employ a procedure in which cues such as postingestive feedback, olfaction, and viscosity are further minimized and see if the presentation order effects disappear. It is also worth noting that whatever the postingestive events are that support such conditioning, they apparently do not depend on the individual presence of either the T1R2 or T1R3 proteins in the gut (e.g., 9, 23, 24) .
Despite the appearance of some degree of postingestive learning occurring in some of the KO animals with respect to sucrose responsiveness, it is quite clear that the deletion of either the Tas1r2 or Tas1r3 gene severely blunts or eliminates unconditioned affective responses to the disaccharide and also to the artificial sweetener saccharin. In striking contrast, concentrationdependent responses to Polycose remain relatively intact. Our findings are consistent with an independent study concurrently conducted by Zukerman et al. (55) . In that study, the investigators used very brief, as well as longer-term, two-bottle preference tests (vs. water) to examine the licking responses of T1R3 KO mice to Polycose and sucrose. In general, they found that T1R3 KO mice displayed slightly but significantly reduced preference to Polycose especially at lower concentrations compared with WT mice, but like in the present study, licking of sucrose was severely impaired by the gene deletion. Moreover, whole nerve chorda tympani (innervating taste buds of the anterior tongue) responses to a range of Polycose concentrations did not differ between WT and T1R3 KO mice. The difference between the lack of decreases in licking responses to Polycose by T1R3 KO mice relative to WT controls (and an actual increase in Polycose responsiveness at 0.08 M) in our experiment compared with the slight deficit observed in the Zukerman et al. (55) study remains to be understood but may potentially relate to the specific methodological aspects of the behavioral assays employed, differences in genetic background, or the procedure used to generate the gene deletion. Nevertheless, on the whole, the findings from the two studies regarding responsiveness of T1R3 KO mice to Polycose generally concur notwithstanding the disparities noted above.
In summary, our findings are consistent with studies in the literature that implicate the T1R2ϩ3 heterodimer as the primary taste receptor for sweet-tasting compounds. In contrast, the T1R2 and T1R3 proteins individually appear unnecessary to maintain normal affective taste responses to Polycose in a brief-access test. It is possible that the presence of only one of these subunits is necessary for Polycose responsiveness or, alternatively, that there are novel taste receptors that bind with polysaccharides. To distinguish between these two possibilities, the measurement of responsiveness to Polycose in mice missing both the T1R2 and T1R3 subunits would be instructive.
Perspectives and Significance
Although it is quite clear on the basis of findings in the literature and confirmed by the present report that the T1R2ϩ3 heterodimer is essential for normal responsiveness to sweeteners to be maintained, some still question whether sugars might stimulate other receptors as well. Certainly, in the case of polysaccharide stimuli such as Polycose, the findings presented here give vitality to this possibility. However, this should not be construed as a challenge to the primacy of the T1R2ϩ3 heterodimer as the principal mediator of what is referred to as "sweet" taste by human subjects. There is evidence that Polycose and sucrose do not have an identical taste quality, and the findings presented here and by Zukerman et al. (55) might reflect the underlying neural basis for the distinction between the two stimuli. Thus, although both Polycose and sucrose are apparently highly preferred solutions by rodents, their respective taste qualities might be quite different, to at least these animals.
The current set of results demonstrating that KO mice can show concentration-dependent responsiveness to sucrose depending on their testing history highlights the methodological complexities and interpretive nuances involved in the use of even simple behavioral techniques to make inferences on taste perception in general. Consistent with this view, Sclafani and colleagues (46) have found that with prolonged training or testing with caloric compounds, mice that are initially ageusic or hypogeusic as a result of other types of taste-related gene deletions can begin to show increased taste responsiveness in behavioral assays likely due to a learned association between the remaining orosensory signals of the stimulus with the positive consequences of its ingestion.
There is no perfect behavioral assay that is without some interpretive limitations. It is, therefore, important for the consequences of any manipulation of the gustatory system, genetic or otherwise, on taste-related behavior to be assessed through the use of a variety of complementary testing procedures. Such a strategy can lead to a comprehensive delineation of phenotypical outcomes and ultimately advance our understanding of taste function and its underlying neural mechanisms.
